It is generally accepted that gastric emptying is regulated by the coordination of the proximal and distal stomach motilities. 5-HT has proven to be an important mediator of gastrointestinal motility.
approved by the Animal Ethics Committee at the Nagoya Laboratories of Pfizer Global Research and Development according to the Laboratory Animal Welfare guidelines. Male Crj : SD (IGS) rats (Charles River Japan, Inc., Shiga, Japan) weighing 300-400 g were euthanized with Isoflurane inhalation. The stomach was excised and immediately cut into strips of fundus, corpus and antrum, in a circular fashion. The mucosa was removed from the tissue and muscle layers.
Measurements of Mechanical Activity The strips of fundus, corpus or antrum were placed into a 10-ml organ bath containing Krebs-Ringer solution of the following composition: 118 mM NaCl, 4.8 mM KCl, 2.5 mM CaCl 2 , 1.19 mM MgSO 4 , 25.0 mM NaHCO 3 , 1.18 mM KH 2 PO 4 , 11 mM glucose and 0.12 mM ascorbic acid, oxygenated with 95% O 2 and 5% CO 2 and maintained at 37°C. Approximately 1 g of resting tension was applied, and the tension was kept constant by readjustment during the 60-min equilibration period. Mechanical responses were recorded by means of an isometric transducer (TB-612T; Nihon Kohden, Tokyo, Japan). Single doses of agonists were applied and then washed out on an interval of 30 to 35 min. To evaluate the effects of antagonists, the tissue strips were exposed to the antagonists 10 min before and during application of agonists; the applied dose of each antagonist was determined according to our preliminary trials or the doses used in the literature. The concentration-response curves of agonists were performed in concentrations from 3ϫ10
Ϫ9 to 3ϫ10 Ϫ6 M for the fundic strip and from 3ϫ10 Ϫ7 to 3ϫ10 Ϫ4 M for the corporal and antral strips. Amplitudes of contraction and relaxation are represented relative to amplitude of contraction elicited by 10 Ϫ5 M carbachol. Statistics Data were presented as meanϮS.E.M. The comparison between the control group and the antagonisttreated group was carried out by unpaired t-test with Welch's correction. p values of less than 0.05 were regarded as significant.
RESULTS

Effect of Exogenous 5-HT on the Antral, Corporal and Fundic Circular Muscle
The strips from gastric antrum and corpus displayed spontaneous phasic and cyclic activity, respectively. Conversely, the rat gastric fundic circular muscle strips did not show spontaneous activity. 5-HT evoked both tonic and phasic contractile activity in gastric antral strips and tonic contractile activities in gastric corporal and fundic strips (Fig. 1) and tended to be inhibited by pretreatment with atropine (10 Ϫ6 M). However the inhibitory effect of atropine was not statistically significant. The contractions of the corporal and fundic strips to 5-HT were not affected by pretreatment with either TTX (10 Ϫ6 M) or atropine (10 Ϫ6 M) (Fig. 3) . (Fig. 4C) . The inhibitory effect of ketanserin was not significant, but at 10 Ϫ6 M ketanserin tended to attenuate the contractile responses (Fig. 4D) . Pretreatment with SB-203186 (10 Ϫ6 M) enhanced the 5-HT-induced contractions of the antral strips 
Effects of 5-HT Receptor
DISCUSSION
The present study shows that exogenously applied 5-HT caused contractions of the circular muscle strips from the rat gastric antrum, corpus and fundus. The fundic strips showed higher sensitivity to 5-HT than those of antrum and corpus. Similar results were reported in the circular muscle rings from the mouse stomach.
26) The fundus showed higher sensitivity to 5-HT than the antrum. Regional differences of 5-HT receptor distribution might cause the observed regional sensitivity differences. The contractile responses of the antral strips to 5-HT at concentrations of less than 3ϫ10 Ϫ6 M were enhanced by TTX. Atropine tended to inhibit gastric antral contractions at low concentrations of 5-HT, although this did not reach statistical significance. From these results, in rat gastric antral circular muscle, contractile responses to low concentrations of 5-HT could be mediated through postganglionic cholinergic neurons and regulated by inhibitory neurons. On the other hand, antral contractions to high concen- trations of 5-HT were not blocked by atropine nor TTX, indicating the participation of 5-HT receptors directly located on circular smooth muscle. Furthermore, contractile responses to 5-HT in the corporal and fundic strips were also resistant to both atropine and TTX. Based on these results it is likely that corporal and fundic contractions to exogenous 5-HT were mediated via 5-HT receptors located directly on the circular smooth muscle. The regional and functional differences of 5-HT in circular muscle strips from guinea pig stomach have been studied. 14, 15) In guinea pigs, 5-HT evoked contractile responses in the antrum and fundus, whilst relaxant responses in the corpus. According to these reports, antral contractions were mediated through neuronal stimulation alone 14) or a combination of both neuronal and smooth muscle stimulations. 15) TTX inhibited contractile responses to 5-HT in the guinea pig antrum, 14, 15) suggesting the existence of different neuronal mechanisms between rats and guinea pigs. In the rat colon, TTX enhanced circular muscle contractions, 27) indicating the attribution of inhibitory neurons such as nitric oxide (NO)-releasing neuron 27, 28) and vasoac- tive intestinal polypeptide (VIP)-containing neuron. 27) Similar inhibitory neurons may be involved and dominant in the rat antrum. On the other hand, the excitatory neurons are dominant in the guinea pig antrum. Furthermore, in guinea pigs, the effects of 5-HT on the corpus and fundus were attributed to stimulation of 5-HT receptors on the smooth muscle. The suggested mechanisms of 5-HT on the corpus and fundus are similar in both rats and guinea pigs, although functions observed in the corpus are different.
In the antrum, the 5-HT-induced contractions were significantly inhibited by methysergide (5-HT 1 , 5-HT 2 , 5-ht 5 , 5-HT 6 and 5-HT 7 receptor antagonist), however contractions were not inhibited by either WAY-100635 (selective 5-HT 1A receptor antagonist), GR127935 (5-HT 1B/1D receptor antagonist) or SB-269970 (selective 5-HT 7 receptor antagonist), suggesting the involvement of 5-HT 2 , 5-ht 5 and 5-HT 6 receptors. The pK i values of methysergide to rat 5-ht 5 and 5-HT 6 receptors were reported to be smaller than 7, [29] [30] [31] therefore an inhibitory effect at 5-ht 5 and 5-HT 6 receptors by methysergide at 10 Ϫ7 M is unlikely. RS-127445 (selective 5-HT 2B receptor antagonist) slightly inhibited and 10 Ϫ6 M ketanserin (non-selective 5-HT 2 receptor antagonist) tended to inhibit the antral contractile responses to 5-HT, although these effects were not statistically significant. Furthermore, distribution of 5-HT 2C receptors has been limited to the CNS and choroid plexus. 2) These results suggested that 5-HT-induced contractions of the gastric antral circular muscles were mediated through 5-HT 2A and 5-HT 2B receptors. Consistent with this result, the involvement of 5-HT 2 receptors in gastric antral muscle contractions induced by 5-HT was reported in guinea pigs 14, 15) and mice. 26) In addition, Takemura et al. 15) reported the involvement of 5-HT 3 and 5-HT 4 receptors on contractile responses and 5-HT 1 receptors on relaxant responses in the guinea pig antrum, and James et al. 26) reported the involvement of 5-HT 4 receptors on contractile responses in the mouse antrum. Contradictory to these reports, in the present study, 5-HT-induced contractions were significantly enhanced by SB-203186 (selective 5-HT 4 receptor antagonist), suggesting the involvement of 5-HT 4 receptors for antral relaxations. This discrepancy was also demonstrated between the ileum strips from guinea pigs 32) and rats. 33, 34) In the rat ileum, 5-HT 4 receptors are located on the smooth muscles and promote cAMP formation, 2) resulting in the relaxation. Our results are consistent with earlier findings that a selective 5-HT 4 receptor antagonist, SB 204070 tended to enhance the contractions to 5-HT in the rat ileum. 34) In the corpus, the contractile responses to 5-HT were significantly inhibited by methysergide and ketanserin. However contractions were not inhibited by WAY-100635, GR127935, RS-127445 or SB-269970, suggesting the involvement of 5-HT 2A receptors in the contraction. The effect of 5-HT on rat corporal strips remains to be fully investigated. However, platelet-activating factor (PAF)-induced corporal contractions were blocked by methysergide, indicating the involvement of 5-HT in the rat corporal contraction. 35) Janssen et al. 36, 37) have shown the mediation of contractions in canine and porcine proximal stomach longitudinal smooth muscles to involve 5-HT 2A receptors, which is consistent with the present results. On the other hand, in guinea pig corpus, 5-HT caused relaxations that were mediated via 5-HT 1 receptors. [13] [14] [15] In the present study, pretreatment with WAY-100635 or GR127935 did not demonstrate apparent effect on 5-HT-induced contractions, but tended to enhance the contraction. It is probable that 5-HT 1 receptors cause relaxations in the rat corpus, but its functional contribution on these responses to 5-HT is limited. Ondansetron also tended to enhance the 5-HT-induced contractions, implying that 5-HT 3 receptors cause relaxations in the rat corpus. In the fundus, the 5-HT-evoked contractions were significantly inhibited by methysergide and RS-127445, but were not antagonized by WAY-100635, GR127935 or ketanserin, suggesting the involvement of 5-HT 2B receptors for the contraction. 5-HT 2B receptors were first identified in rat stomach fundus, 38, 39) and it is generally accepted that 5-HT 2B receptors mediate rat fundic longitudinal smooth muscle contractions. [23] [24] [25] 40) We have confirmed that 5-HT caused contractions through 5-HT 2B receptors not only in longitudinal strips but also in circular ones. Furthermore, 10 Ϫ7 M ketanserin tended to enhance contractile responses to 5-HT, but 10 24) reported that 5-HT 4 receptors mediated contractions in the rat fundus. The conflicting results could at least in part be due to the differences in smooth muscle preparations between circular muscles and longitudinal ones. In the earlier findings, 5-methoxytryptamine induced the rat fundic contractions of the longitudinal strips, and these responses were antagonized by atropine, TTX and SDZ 205-557 (5-HT 4 receptor antagonist). These results suggested that the longitudinal muscle contractions were mediated through 5-HT 4 receptors located on cholinergic neurons. This contractile mechanism is similar to the case of an enhancement of electrically-evoked contractions by 5-HT 4 agonists. On the other hand, the present study suggested that the fundic circular muscle relaxations were mediated through 5-HT 4 receptors located on smooth muscle. Similar results are reported in the rat ileum 33) and the rat esophagus. 43, 44) In the tunica muscularis mucosae of the rat esophagus, 5-HT 4 receptors stimulated cAMP formation results in the relaxation. 44) Similar to 5-HT 4 receptors, 5-HT 7 receptors coupled to Gs protein activate cAMP formation and are expressed in the rat fundus, 45) supporting the fundic relaxation via 5-HT 7 receptors. In the present study, SB-269970 tended to enhance the 5-HT-induced fundic contractions. It is probable that a relaxation pathway involving 5-HT 7 receptors is present in the rat fundus.
In rat in vivo study, it has been reported that 5-HT 2 agonists, a-methyl-5-HT and BW 723C86 induced rat gastric contractions. 17, 41, 46) The contractile 5-HT 2A and 5-HT 2B receptors identified in antral, corporal and fundic circular muscles may play a role in the in vivo contractile activities. The gastrokinetic effect of 5-HT 4 agonists has been demonstrated in rats. 18, 20, 21) In the present study, the relaxant 5-HT 4 receptors were identified in antral and fundic circular muscles. In the rat stomach, 5-HT 4 receptors located on cholinergic neurons may increase acetylcholine release that enhances the contractions similar as in guinea pigs. 47) Thus, this contractile mechanism may dominantly occur, though the circular muscle relaxation is also observed.
In conclusion, the main finding of the present study is that 5-HT mediates contractile responses in rat stomach circular muscle through multiple 5-HT receptor subtypes. 5-HT induces contractions of the circular muscle strips from all three gastric regions. The sensitivity to 5-HT of the fundus is higher than those of antrum and corpus. Contractile responses to 5-HT in the antrum are mediated by 5-HT receptors on smooth muscle and neurons and in the corpus and fundus are mainly mediated by 5-HT receptors located directly on smooth muscle. At least three receptor subtypes mediate the contractile responses observed in rat stomach circular muscles. The contractile 5-HT 2A and 5-HT 2B receptors and the relaxant 5-HT 4 receptors in the antrum, the contractile 5-HT 2A receptors in the corpus, and the contractile 5-HT 2B receptors and the relaxant 5-HT 2A and 5-HT 4 receptors in the fundus may be present. The regional difference of expressed 5-HT receptor subtypes and the contractile responses and affinities to 5-HT might cause the regional difference of the sensitivity and the efficacy to 5-HT. The present study has clarified that contractile responses to 5-HT present regional and functional differences in rat stomach circular muscle, which are species-specific. The regional differences of the sensitivity to 5-HT may be regulated by several 5-HT receptor subtypes which modulate gastric emptying in a cooperative way in rats.
